Biostimulants offer a novel approach for the regulation of crucial physiological processes in plants. Recently, it has been observed that the application of biostimulants on both seeds and plants may ameliorate to some extent the negative effects of abiotic stresses such as drought, heat, salinity, and others. In the climate conditions of Bulgaria, the early developmental stages of warm climate crops, like maize, often occur under suboptimal temperatures. Although the mitigation of abiotic stress is perhaps the most frequently cited benefit of biostimulant formulations, little is known about their influence on chilling-stressed plants. The aim of our study was to evaluate the effects of a biostimulant from the group of protein hydrolysates on both the growth and the photosynthetic performance of chilling-exposed young maize plants grown in controlled environment. Here, we report that application of a protein hydrolysate increased the performance of chilled maize plants, as demonstrated by leaf gas exchange, photosynthetic pigment content, and chlorophyll fluorescence, but did not affect their growth. Nevertheless, based on the better preserved photosynthetic performance of the biostimulant-treated maize plants exposed to chilling, we assume that under subsequent favorable conditions their growth would recover more quickly as compared to the untreated ones. Keywords stress; Zea mays L.; chilling; biostimulants; photosynthesis
Introduction
Biostimulants are increasingly being integrated into agriculture with the aim of modifying physiological processes in plants which ultimately optimize their performance. In recent years, they have received considerable attention by both the scientific community and the business [1] [2] [3] . The European Biostimulant Industry Council (EBIC) defines biostimulants "as substance(s) and/or microorganisms whose function when applied to plants or the rhizosphere is to stimulate natural processes to enhance/benefit nutrient uptake, nutrient efficiency, tolerance to abiotic stress, and crop quality" [4] .
Biostimulants may include various components like plant hormones, amino acids, peptides, proteins, sugars, lipids, vitamins, etc. They are categorized in several groups, depending on their origin [3] . Widely used sources for biostimulant production are humate-based materials [5, 6] , different algae species [1, 7] , as well as protein hydrolysates of plant [8, 9] and animal [10, 11] origin.
Environmental stress conditions can strongly affect plant performance and productivity. Abiotic stresses are shown to be a significant cause of yield losses (60-70%) in agriculture [12] . Biostimulants can improve plant tolerance to abiotic stresses by influencing many morphological and physiological targets. For example, some of their known beneficial effects include maintenance of cell membrane stability, accumulation of osmolytes and antioxidants, activation of stress-responsive enzymes, as well as modification of hormonal status [13] . However, due to the chemical complexity of these products, the molecular mechanisms through which they act on plants are still difficult to reveal [14] . It has been suggested that biostimulants do not act on plant metabolism directly, but rather indirectly, through their influence on plant-signaling cascades that trigger the mitigation of negative stress responses [15] . Therefore, understanding the mechanisms of biostimulant mode of action, through advances in plant biostimulant research, is crucial for agriculture.
Lately, significant attention in agronomic practice has been paid to the group of protein hydrolysates (PHs). They are a category of plant biostimulants defined as "mixtures of polypeptides, oligopeptides and amino acids that are manufactured from protein sources" [16] . Protein hydrolysates are produced after enzymatic, chemical, or thermal hydrolysis [10, 17] . Most typical sources are animal collagen and elastine [18] , alfalfa residue [19] , algal proteins [20] , etc.
Several studies report the use of a variety of PHs to stimulate both growth and stress tolerance of plants. For example, Cerdán et al. [21] described the application of PHs as a promoter of nutrient uptake, especially nitrogen and iron, finally leading to better growth of the observed plants. Foliar application of legume-derived PH "trainer" increased biomass, chlorophyll content, and leaf nitrogen concentration of young maize [22] and tomato plants [9] . The tolerance of lettuce to low temperature was enhanced with foliar applications of PHs [23] .
However, still little is known about the influence of PHs on the performance of warm climate crops exposed to chilling stress. Chilling (exposure to low positive temperatures) may provoke disorders in mineral nutrition, water relations, photosynthesis, dark respiration, etc., ultimately leading to plant growth retardation [24, 25] . For example, maize plants in the early developmental stages may be damaged by temperatures below 12°C [26] . In the climate conditions of Bulgaria, these early stages of maize development often occur under suboptimal temperatures. This motivated our research to assess the effect of PHs on the performance of young maize plants subjected to chilling stress, using as a marker the process of photosynthesis, which is very sensitive to temperature changes.
Material and methods

Growth conditions and experimental design
The maize plants were cultivated in a climatic room at the Department of Plant Physiology and Biochemistry at the Agricultural University of Plovdiv, Bulgaria. The plants of the hybrid Kneza 307 were grown as a substrate-hydroponic culture in 1/2 strength modified Hoagland nutrient solution, in a controlled environment: photoperiod -12 hours, photosynthetic photon flux density (PPFD) -200 µmol m −2 s −1 (cool-white fluorescent lamps; Osram Dulux L 80W/840, Italy), temperature -25 ±1°С / 20 ±1°С (day/night), and relative air humidity -60 ±5%. Uniform plants in the three-leaf stage were used for the study. The experimental design included four treatments (variants), namely: (1) plants, grown at 25°C day temperature (control); (2) plants grown at 10°C; (3) plants grown at 25°C and sprayed with 1% biostimulant water solution; and (4) plants grown at 10°C and sprayed with 1% biostimulant water solution. Each treatment had three replications (pots) with four plants per pot. The biostimulant was applied once, 7 days after the beginning of the experiment, as a therapeutic agent. The whole experiment lasted 14 days and was performed twice. The applied biostimulant was Terra-Sorb Foliar, which is a protein hydrolysate containing free amino acids and small peptides.
Plant growth analysis
The plants were harvested at the end of the treatment period and fresh weight (FW), shoot height (SH), root length (RL), and leaf area (LA) were measured.
Leaf gas exchange analysis
Leaf gas exchange (A -net photosynthetic rate; E -transpiration rate; g s -stomatal conductance) was measured by an open photosynthetic system LCpro+ (ADC, England) on the upper fully developed leaf of the plants. Before the measurement plants from all treatments were adapted for 1 hour at PPFD of 450 µmol m −2 s −1 and 25 ±1°С. The measurements were done under the same conditions.
Photosynthetic pigments content and ratios
Photosynthetic pigments (chlorophyll a, chlorophyll b, and total carotenoids) were extracted in 80% acetone, measured spectrophotometrically, and calculated according to the formula of [27] .
Chlorophyll fluorescence analysis
Chlorophyll fluorescence measurements were performed with a pulse modulation fluorometer (MINI-PAM, Heinz Walz, Germany) on the same plants used for gas exchange measurements. After dark adaptation (30 min), the minimal (F 0 ) and maximal level of fluorescence (F m ) were measured and the maximal quantum yield of PSII (F v /F m ) was calculated as F v = F m − F 0 . After light adaptation (30 min), the apparent electron transport rate (ETR) was determined [ETR = Y × PAR × 0.5 × 0.84 [28] , where
, where qP and qN were calculated according to Schreiber [29] .
Statistical analysis
Statistical analysis was performed using one-way ANOVA (for p < 0.05).
Results
The data presented in (Tab. 1) demonstrate that the chilling conditions (10 ±1°С; Variant 2) significantly decreased the growth parameters of young maize plants. Visual chlorotic symptoms appeared in the base of the leaf lamina (data not shown). All growth parameters of the chilling-exposed plants were more than 50% lower than the respective values of the control ones. The application of the biostimulant Terra-Sorb Foliar did not result in a significant difference in the assessed biometric parameters of chilling-stressed plants (Variant 4), neither in the plants grown at optimal temperature regime (Variant 3).
The chilling treatment significantly decreased the leaf gas exchange parameters (Tab. 2). The net photosynthetic rate (A) was reduced by 43%, the transpiration rate (E) -by 42%, and the stomatal conductance (g s ) -by 43%. The almost equal repression of these parameters indicates that stomatal limitation could be one of the leading factors for photosynthesis inhibition. However, a slight improvement (over 20%) in the values of these parameters was observed in the chilled plants which were treated with the biostimulant Terra-Sorb Foliar. In the case of the A and E components, this rescue effect was significant, while for the stomatal conductance values it was not. The application of the biostimulant on plants grown at optimal temperature did not result in changes in leaf gas exchange.
As a next step, the effect of chilling on the photosynthetic pigment content and ratios in the maize plants was evaluated. The results presented in Tab. 3 show that the total chlorophyll and carotenoid contents diminished by 43% and 20%, respectively, compared to those of the control plants. The less affected carotenoid content by the chilling treatment can be related to the essential role of carotenoids as defensive compounds.
According to some researchers, for example Haldimann [30] , carotenoids may perform the role of protectors of the photosynthetic apparatus against oxidative damage during chilling stress. The application of Terra-Sorb Foliar significantly ameliorated the negative impact of chilling on both the chlorophyll and carotenoid contents by 16% and 14%, respectively, while it did not affect the amounts of pigments in the control plants.
The chilling exposure disturbed the photochemical processes in maize plants, as indicated by the chlorophyll fluorescence parameters in both dark-and light-adapted leaves (Tab. 4). The maximal quantum yield of PSII (Fv/Fm) decreased by 10%, but it was out of the range for healthy plants -0.75-0.83 [31] . The lower Fv/Fm can be explained as a result of photoinhibition, induced by the chilling temperatures, as was described in the study of Bilska and Sowiński [32] . The application of Terra-Sorb Foliar tended to preserve the Fv/Fm value, which was close to normal. The data presented are sample means ±SD. Different letters (a, b, and c) following the SD values indicate significant differences at p < 0.05.
The fluorescence parameters of light-adapted leaves were affected by chilling, as well. The apparent electron transport rate (ETR) was reduced by 34%, the photochemical quenching (qP) by 10%, while the nonphotochemical quenching (qN) was increased more than twice. As qP indicates the proportion of open reactive centers of PSII, while qN -heat dissipation, the applied chilling decreased the primary photochemistry and stimulated the loss of the excited energy as heat. It is important to note that the observed qP value should be considered only as a first approximation, due to the lack of possibility of correct measurement of F' 0 (minimal fluorescence in a light-adapted sample) with the used device.
In these conditions, the application of Terra-Sorb Foliar had a small but significant protective effect on the ETR, qP, and qN parameters. In addition, the biostimulant seemed to have a detectable positive impact on the ETR in the plants grown at optimum temperature.
Discussion
The unstable climate conditions and increased risks of crop exposition to strong abiotic stress factors, coupled with the constantly growing demand for food quantity and quality, make the topic of plant tolerance to unfavorable conditions of serious interest to both researchers and the industry.
In our study, the applied chilling stress (10°C, during 14 days) provoked visual chlorotic symptoms and growth retardation in young maize plants. The observed growth inhibition was accompanied by a lower content of photosynthetic pigments, reduced photosynthetic and transpiration rates, and suppression of photochemical processes, as was described in our previous studies [33] and by other authors as well [34] [35] [36] .
The need for amelioration of the negative effects of chilling during the early stages of maize development stimulates the introduction of new approaches of cultivation such as supplementation with different biostimulants. Our research showed that the application of the protein hydrolysate Terra-Sorb Foliar exerted a positive impact on young maize plants subjected to chilling stress. In fact, all of the assessed plant photosynthetic parameters were improved to a different extent -leaf gas exchange by 22-23%, around 15% for photosynthetic pigment content, and a bit less for the photochemical indicators. It is well known that photosynthesis is a very sensitive process to different abiotic stresses. In this regard, our results confirm the potential of PHs to ameliorate the negative effect of chilling, as indicated by the improved photosynthetic parameters.
The observed protective action of the biostimulant Terra-Sorb Foliar is in line with the data of Botta [23] who found that the cold tolerance of lettuce had been improved by the treatment with PHs. Several authors proposed that the supplementation with products that contain free amino acids and small peptides supports the recovering process of stressed plants by their involvement in the metabolic pathways and stimulation of the secondary plant metabolism [5, 37] . Recently, it has been shown that a significant part of the positive effects of PHs on plants could be attributed to the antioxidative properties of important individual amino acids, applied to both seeds and leaves [38] . Evidence was documented that glutamate, cysteine, phenyl alanine, and glycine can act as signaling amino acids, since small doses were enough to increase the activity of the antioxidant enzymes, such as superoxide dismutase, catalase, and peroxidase, in soybean plants. It is widely accepted that the negative impact of chilling on plants is partly related to oxidative damages on photosynthetic pigments and electron transport processes, and therefore we may speculate that the observed improvement of the photosynthetic performance of the maize plants supplemented by Terra-Sorb Foliar could be due to the enhanced antioxidant network. This viewpoint is in line with the recent data of Ertani et al. [39] who performed transcriptome -wide identification of differentially expressed genes in tomato plants treated with PHs. The authors concluded that PHs have a potential to upregulate stress-related responses as well as genes involved in primary carbon and nitrogen metabolism, photosynthesis, nutrient uptake, and developmental processes. In summary, the applied protein hydrolysate Terra-Sorb foliar is able to partially improve the photosynthetic performance of maize plants exposed to chilling stress. At the same time, it needs to be noted that despite its clear rescue effect, most of the assessed plant performance indicators were still lower than in the controls cultivated at normal temperature. Nevertheless, based on the better preserved function of the photosynthetic apparatus of the maize plants treated with Terra Sorb Foliar, we may assume that under subsequent favorable conditions their growth will recover more quickly as compared with untreated ones.
